Abstract: We experimentally verify a new class of coherent absorbers based on guidedmode resonance effects in periodic thin films. We design a silicon-based resonant absorber that is fabricated and tested near the 1300-nm wavelength. Implementing phase control, the device can, in principle, be switched between full absorption and full scattering. The first experimental prototype presented herein shows ∼78% absorption in the inphase state. Nearly total scattering is realized in the out-of-phase state. The experimental results agree reasonably well with theory.
Introduction
Absorption is among the most fundamental processes that occur when light interacts with matter. It is a basis for practical applications such as detection, laser scribing, and energy generation. Control of absorption in low dimensional material systems such as thin-film geometries is an important and flourishing field of study. In solar energy applications, wideband absorption of incoherent unpolarized light is essential. In that context, Yoon et al. demonstrated a 1-D periodic amorphous Si thin-film grating structure that absorbs almost 90% of fully conical unpolarized light across the entire visible spectrum [1] . Cheng et al. realized a 2-D periodic silver structure that exhibited nearly perfect absorption of incoherent light by plasmonic resonance in the visible spectral region [2] . Recently, techniques implementing absorption under coherent light interference have gained considerable attention due to several advantages including the use of linear optics and novel functionality not attainable by other means. Thus, the coherent perfect absorber (CPA) concept was proposed by Chong et al. to achieve photonic resonance in semiconductor Fabry-Pérot cavities [3] . At about the same time, it was shown by theoretical analysis of a metal grating undergoing plasmonic resonance that total absorption is obtainable in a multiport system by properly configuring input coherent light waves at critical coupling [4] . In ideal CPA devices, two or more input waves totally couple to a single-resonance state and undergo perfect absorption by the intrinsic loss associated with that state. Thus, it was found that complete absorption can be achieved using multiple beams incident on a lossy device such that interference of outgoing beams results in zero outgoing power [3] , [4] . As coherent absorbers do not require nonlinear effects to actively modulate light intensity [5] , they can be used as low-power active devices such as compact optical switches, modulators, and light-electricity transducers [3] - [7] .
CPA has been demonstrated experimentally in flat silicon films [7] , periodic metals by surfaceplasmonic resonance on a silver grating [8] , and in microring resonators [9] . It has also seen exposure in graphene thin films [10] and bilayer structures [11] . Recently, we proposed an alternate approach to CPA in which periodic films are applied. Specifically, we modeled resonant silicon gratings and showed that these are effective in CPA applications [12] . Here, we provide experimental evidence to support these theoretical predictions.
Experiments
The experimental results presented apply the guided-mode resonance (GMR) effect as a new basis for coherent perfect absorption. In summary, guided-mode resonance effects arise via quasi-guided, or leaky, waveguide modes induced on patterned films with subwavelength periods [13] - [17] . Simple GMR structures comprising a single 1-D periodic layer have been used to create filters, polarizers, and polarization-independent devices with applications in biosensing, communications, and solar cell enhancement [18] - [20] . Similarly, the GMR concept can easily be adapted into 2-D structures to offer further advantages in each of these applications [21] - [23] . To achieve coherent perfect absorption within a GMR device it is necessary to implement interaction of multiple coherent beams entering the device. The structure of the device determines the wavelengths that are coupled and the angles of coupling. When multiple coherent beams are coupled to the same mode they inherently interfere with one another. This interference can be perfectly constructive, perfectly destructive, or somewhere in-between depending on the phase between two or more beams. In the case of two beams, the phase of one beam can remain fixed while the other one is varied to effectively change the interference interaction. This is the key concept in our design. Fig. 1 shows the structure of the proposed GMR-based CPA device. The beams labeled I 1 and I 2 are subject to phase control. While it is possible to create any amount of phase difference between 0 and 2, we address two particular cases where both beams are perfectly in phase or perfectly out of phase. The CPA state occurs as two resonant guided modes separately excited by I 1 and I 2 constructively interfere. Modal energy flowing along the layer is absorbed by the intrinsic loss of the material. This is the ordinary absorption mechanism encountered in a medium with a complex index of refraction n d ¼ n þ ik where the imaginary part k is non-zero. Fig. 1 . Architecture of a GMR-based CPA device including key parameters. Ports I 1 and I 2 represent the input beams, while P 1 and P 2 represent output ports. Here, d g is the grating depth, Ã is the period, F is the fill factor, and d h is the homogenous sublayer thickness. The cover (air), device (a-Si), and substrate (glass) refractive indices are denoted by n c , n d , and n s , respectively.
Conversely, when the beams are perfectly out of phase, there results destructive interference and effective scattering of the input waves with minimal absorption being possible. These two cases represent nearly perfect absorption and nearly perfect transmission, respectively. Furthermore, it is possible to truncate the level of transmission through the manipulation of the phase. CPA, unlike conventional incoherent absorption, has the added benefit of tunability in the response whereby the resulting output can be modulated using light as control. Absorption can also arise from scattering by rough device surfaces. Atomic-force microscopy (AFM) is employed on our fabricated samples to reveal minimal surface roughness; hence, we believe that absorptive loss by this mechanism is negligible.
We aim to realize a GMR CPA element resonating at ¼ 1300 nm with a 45°incidence of TM-polarized light. Applying numerical design methods, we arrive at a parameter set with a period of 474 nm, a fill factor of 0.26, sublayer thickness of 175 nm, and a grating height of 94 nm assuming n d ¼ 3:589 þ i0:0127 for the index of refraction measured by ellipsometry and taking n c ¼ 1. The devices applied in this research are strongly spatially modulated. The spatial modulation strength is defined as Á" ¼ Refn
88. In such strongly modulated devices the transverse leakage out of the illuminated spot is minimal. The device area for all of our fabricated structures is 5 mm by 5 mm. The illuminated spot diameter is approximately 1 mm; thus the spot is well surrounded by the periodic medium. As indicated in Fig. 1 , the design consists of amorphous silicon (a-Si) on a SiO 2 substrate. These materials are chosen for their optical properties, wide availability, and simple deposition procedures. Different materials can be used to tailor the characteristics of the device as needed for any specific spectral region. Fig. 2 shows a theoretical prediction of device performance at wavelength ¼ 1300 nm under TM polarization in which the electric-field vector is parallel to the plane of incidence. It illustrates the phase-sensitive outgoing powers that include the two extreme cases with nearly perfect absorption observed at À2, 0, and 2 radians and near perfect transmission observed at À and radians. The absorption state at the phase difference of 0 yields the minimum total outgoing power of ∼1 % while the transmission state at the phase shows a maximum of ∼98 %.
The experimental prototype consists of a single layer of a-Si deposited on a glass substrate. A spin-coated photoresist layer is patterned by UV holographic lithography. The a-Si is partially etched, using the developed resist as a mask, to create the grating structure. We characterize the fabricated device with atomic force microscopy with results shown in Fig. 3(a) . We find that that the fabricated prototype has a period of 474 nm, fill factor of 0.24, and grating height of 103 nm. An additional scanning-electron microscope analysis yields sublayer thickness of 164 nm. Angular measurement confirms that a resonance peak at 45°occurs at ¼ 1266 nm with this prototype device. Fig. 3(b) shows a simplified diagram of the experimental setup used to test the device. A 50/50 Fig. 2 . Theoretical device performance at 1300-nm wavelength, assuming TM polarization. The x -axis represents the phase difference between the two input beams, assuming perfect phase matching at the zero mark. This design assumes an even distribution of power between beams I 1 and I 2 .
beam splitter is used for this experiment. Thus, the present design operates at a 1:1 power ratio. The experiment also utilizes an in-line polarizer, a fiber-to-free-space collimator, and a free-space Glan-Taylor polarizer not shown in Fig. 3 . The use of both the Glan-Taylor and the in-line polarizer ensures maximum available power for the desired polarization. The sample is mounted on a computer-controlled high-resolution rotation stage for alignment. To account for hysteresis errors in the piezo-electric stage, the data is recorded using ascending voltage values subsequently correlated to displacement. Similar to the rotation stage, the piezo-electric stage is computer controlled. Fig. 4 (a) compares theoretical and experimental results for the prototype device. The theoretical model applies the experimental parameters of the fabricated device. It is found that the total power leaving the GMR device in the full-scattering state is ∼99% as seen in the figure. This is close to the ideal case of ∼98% for our material. In the full-absorption state, the scattered power is at ∼22%, deviating considerably from the ideal value of ∼1%. We note that these are initial experimental results and thus the fabricated device does not presently achieve strictly perfect absorption. The reason for the deviation is primarily due to the fact that the laser beams used here have Gaussian profiles and differ considerably from the ideal plane waves with flat phase fronts assumed in the analysis of resonant absorption. We expect that improved collimation of the input beams will lead to results close to the ideal predictions. Additionally, there is some noise in the data as visible in the experimental curves in Fig. 4(a) . The noise is mainly due to the high sensitivity of the interferometric optical setup to mechanical vibrations. We note that no detectable amount of power is measured leaving the system through the sides of the device.
Results
As a reference, in the exact same experimental configuration, we substitute the periodic device with a flat layer of a-Si has the same total thickness as the fabricated GMR prototype. The results appear in Fig. 4(b) . There is a dramatic difference observed for these two cases. As seen in Fig. 4(b) , in stark contrast to the GMR case, there is very minimal absorption as the input power is nearly fully scattered independent of the phase. The fluctuations in Fig. 4(b) account for less than 10% change in the overall power leaving the system.
As the resonantly absorbed power is highly dependent on the phase-sensitive internal field intensity associated with the excited guided mode, it is of interest to examine this point in some detail. A resonance with a high quality factor generally implies strong internal fields and extended photon lifetime which in turn exposes the light to the weakly absorbing material longer, thereby enhancing the absorption. Fig. 5 shows the measured transmittance of the fabricated device in comparison with a computed spectrum using the experimental parameters. There is a finite operating bandwidth with a full-width-at-half-maximum (FWHM) of approximately 10 nm according to the simulation data with the experimental curve being broader. It is within this spectral bandwidth that the proposed absorption occurs. It is possible to design these elements to operate at different central wavelengths. The coherent absorption could thus be shifted to a different spectral location but again the bandwidth would be defined by the device parameters. Fig. 5(b) shows the computed internal magnetic field profile of the fabricated device under illumination of a single beam at 45°with ¼ 1266 nm. The scale bar is set relative to the amplitude of the incident excitation wave assumed to have unit amplitude. There is clearly strong resonant buildup of energy within the device. We note, moreover, that the resonant mode has the shape of the fundamental TM 0 waveguide mode and resides maximally in the sublayer.
Conclusion
In summary, we present experimental results illustrating the viability of coherent perfect absorption under guided-mode resonance in nanopatterned thin films with residual, albeit small, loss. Significant levels of resonant in-phase absorption and nearly perfect out-of-phase scattering are shown. These results are contrasted with the absorption and scattering properties of equivalent unpatterned films where only minor absorption is realized for all values of relative phase. Improved experimental conditions implementable by laser beam conditioning are expected to yield experimental data closer to the ideal CPA state. Noise suppression in optical communications and spectroscopic material analysis is a possible application of the GMR CPA effect. As conceptually illustrated in Fig. 6(a) , with a CPA photodetector, noise can potentially be filtered by the detector itself without any special noise elimination schemes. Moreover, infrared (IR) spectrometers are important for material composition analysis and hazardous material detection as most molecular species have their own vibrational fingerprints in the IR domain. Thermal background noise can be intense in normal environments at room temperature and an analyte sample itself can act as a strong noise source for IR spectroscopy. This incoherent noise can be filtered by a CPA-integrated photodetection method as schematically depicted in Fig. 6(b) . Further study on GMR-CPA integration with existing semiconductor devices may produce novel active optical devices such as opticalto electrical/electrical-to-optical modulators and compact optical amplifiers with a laser diode in CPA configuration.
